Biofilm formation on medical and surgical devices is a major virulence determinant for Staphylococcus epidermidis. The bacterium S. epidermidis is able to produce biofilms on biotic and abiotic surfaces and is the cause of ocular infection (OI). Recent studies have shown that D-amino acids inhibit and disrupt biofilm formation in the prototype strains Bacillus subtilis NCBI3610 and Staphylococcus aureus SCO1. The effect of D-amino acids on S. epidermidis biofilm formation has yet to be tested for clinical or commensal isolates. S. epidermidis strains isolated from healthy skin (n53), conjunctiva (n59) and OI (n519) were treated with D-Leu, D-Tyr, D-Pro, D-Phe, D-Met or D-Ala and tested for biofilm formation. The presence of D-amino acids during biofilm formation resulted in a variety of patterns. Some strains were sensitive to all amino acids tested, while others were sensitive to one or more, and one strain was resistant to all of them when added individually; in this way D-Met inhibited most of the strains (26/31), followed by D-Phe (21/31). Additionally, the use of D-Met inhibited biofilm formation on a contact lens. The use of L-isomers caused no defect in biofilm formation in all strains tested. In contrast, when biofilms were already formed D-Met, D-Phe and D-Pro were able to disrupt it. In summary, here we demonstrated the inhibitory effect of D-amino acids on biofilm formation in S. epidermidis. Moreover, we showed, for the first time, that S. epidermidis clinical strains have a different sensitivity to these compounds during biofilm formation.
INTRODUCTION
As for many other compounds, two chiral variants of amino acid exist in nature; the L-version is used for protein synthesis by ribosomes in living organisms, while the D-version is not involved in this pathway. Roles for Damino acids have been described in both eukaryotic and bacterial cells (Kim et al., 2010; Kleckner & Dingledine, 1998; Wolosker et al., 2002; Wolosker, 2007) . In bacteria, some peptides have D-amino acids that could be incorporated through one of two mechanisms (Bodanszky & Perlman, 1969) : (1) post-translational conversion from Lto D-inside the peptide or (2) activity of non-ribosomal peptide synthetases, this being the most common pathway in bacteria. D-Amino acids have multiple roles in bacterial homeostasis; they can be used as nutrients for growth (Chang & Adams, 1974; Conrad et al., 1974; Pioli et al., 1976; Roesch et al., 2003) , allow germination of bacterial spores, as in Bacillus anthracis with D-alanine (D-Ala) (Hills, 1949; Halvorson & Spiegelman 1952) , and could also be a component of the cell wall (Veiga et al., 2006; Bellais et al., 2006) . Moreover, D-amino acids can be secreted and have an inhibitory effect in cell division. This effect is caused by the incorporation of amino acids into the peptidoglycan layer causing destabilization of the whole structure (Izaki et al., 1968; Hammes, 1978; Caparros et al., 1991 Caparros et al., , 1992 . Recently, it has been found that diverse bacterial phyla produce different types of D-amino acids in the stationary growth phase and this correlates with the expression of specific racemaces (Lam et al., 2009 ). Thus, it seems that bacteria have evolved to produce and secrete different D-amino acids in stationary phase, which, in turn, have multiple roles in bacterial homeostasis.
Recently, D-amino acids have been shown to disrupt biofilms (Kolodkin-Gal et al., 2010) . Biofilms are sessile microbial communities attached to a solid surface and surrounded by an extracellular polysaccharide matrix (EPS). The EPS consists mainly of polysaccharides, proteins and extracellular DNA (Spormann, 2008; Stewart & Franklin, 2008) . Biofilm formation is a three-step process: bacterial attachment to either an abiotic or biotic surface, intercellular adhesion or aggregation, and disassembly. For Staphylococcus epidermidis biofilm formation different proteins have been described depending on the surface the biofilm is formed: autolysin E or AtlE (Heilmann et al., 1997) and the biofilm-associated protein or Bap (Tormo et al., 2005) for abiotic surfaces; while adherence to biotic surfaces is led by SdrG (Arrecubieta et al., 2007) and SdrF (Hartford et al., 2001) . Poly-N-acetylglucosamine (Mack et al., 1996) and two cell-wall proteins, the accumulationassociated protein or Aap (Rohde et al., 2005) and the extracellular matrix-binding protein or Embp (Christner et al., 2010) have been shown to be involved in intercellular aggregation. The process of biofilm disassembly has yet to be fully understood. Recently, Kolodkin-Gal et al. (2010) reported that disassembly of B. subtilis biofilms is induced by a mixture of D-amino acids (D-Leu, D-Met, D-Trp and DTyr) that were produced by an aged culture (Kolodkin-Gal et al., 2010) . These amino acids are produced by their corresponding racemases and accumulate in the mature biofilm. It has been proposed that biofilm inhibition by D-amino acids occurs when protein fibres in the biofilm are disassembled by these compounds (Kolodkin-Gal et al., 2010) . A similar effect has also been observed in Staphylococcus aureus (Hochbaum et al., 2011) and Pseudomonas aeruginosa (Kolodkin-Gal et al., 2010) biofilms, suggesting this may be a universal property.
In staphylococci, biofilm production is an important virulence factor. Specifically, biofilms have been shown to have a key role in S. epidermidis infections (Guo et al., 2007) . S. epidermidis strains isolated from infectious processes have been shown to produce biofilms when compared to commensal isolates (Duggirala et al., 2007) . Biofilms enable the constituent bacteria to resist antibiotics and defences by the host immune system. Moreover, attachment of these bacteria to medical devices serves as the main source of infection for humans (Uçkay et al., 2009) . As previously mentioned, D-amino acids (D-Phe, D-Pro and D-Tyr) have been shown to inhibit biofilm formation in S. aureus SC01 (Hochbaum et al., 2011) . To our knowledge, the effect of these compounds has yet to be tested in S. epidermidis. Additionally, there are no data demonstrating the effect of D-amino acids in biofilm formation in clinical strains. Although S. aureus and S. epidermidis belong to the same genus, it has been shown that they have different virulence mechanisms and that they have a high genomic diversity, which in turn might generate different responses to multiple stimuli (Conlan et al., 2012) . Therefore, the aim of this work was to study the effect of D-amino acids in biofilm formation by S. epidermidis strains isolated from OI. Our results show differences in the sensitivity to the D-amino acids tested for biofilm formation. Moreover, we propose that the use of a combination of D-amino acids can be used on medical devices to prevent S. epidermidis infections.
METHODS
Strains. Strains used in this study have been described previously (Juárez-Verdayes et al., 2012) . Briefly, three collections of S. epidermidis strains with the ability to form biofilms (Juárez-Verdayes et al., 2012) were isolated from healthy skin (HS; n53), healthy conjunctiva (HC; n59) and ocular infection (OI; n519). All strains were grown in tryptic-soy broth (TSB, Becton Dickinson).
Biofilm determination. Semiquantitative determination of biofilm formation was performed in 96-well tissue culture plates (Nunc) based on the method reported by Christensen et al. (1985) . A volume of 100 ml of 1 : 200 diluted overnight bacterial culture was added to a 96-well plate and bacteria were grown at 37 uC in TSB medium. After 24 h of growth, the plates were washed vigorously with 1X PBS, dried for 30 min at 55 uC and stained with 0.5 % (w/v) crystal violet solution. After staining, the plates were washed with 1X PBS. The A 490 of the adhered, stained cells was measured using a Multiskan EX Microplate Photometer (Thermo Scientific). According to the criterion outlined by Christensen et al. (1985) , a strain was considered as non-adherent and therefore biofilm-negative if the A 490 was ¡0.12; biofilm-forming strains were those with an A 490 .0.12. According to Christensen et al. (1985) a strain was considered as strongly biofilmpositive if the A 490 was .0.240 and a strain was classified as weak biofilm-positive if A 490 was .0.12 but ¡0.240. Assays were repeated six times, and the mean biofilm absorbance value was obtained.
Kinetics of biofilm formation. In order to determine the kinetics of biofilm formation, an overnight culture was diluted 1 : 200 with fresh media and 100 ml was deposited in a 96-well plate. The plate was incubated at 37 uC without agitation and the biofilm formation was determined every 6 h for a total of 54 h. In order to determine whether a secreted component had inhibitory properties on biofilm formation, a similar experiment was performed with the following modifications: after 24 h of incubation at 37 uC, the culture was discarded from each well without disturbing the biofilm and washed three times with 1X PBS. The media were replaced with fresh media and the biofilm formation was determined every 6 h. Biofilm formation was measured as described above.
Determination of D-amino acids in bacterial supernatants.
Bacteria were grown as mentioned before the kinetics experiments and centrifuged at 2000 g for 10 min. Supernatants were recovered, filtered through a 0.22 mm filter and processed as follows: analytical HPLC was performed using a Varian Pro Star 330 fitted with an ELSD detector, a solvent delivery system and an Astec Chirobiotic T column (25 cm64.6 mm i.d., 5 mm particles). The column temperature was 30 uC, the mobile phase was water/methanol/formic acid (30 : 40 : 02, by volume) and the flow rate was 10 ml min 21 using a sample size of 10 ml for the injection. (Sigma) . The plate was incubated at 37 uC for 24 h and the biofilm formation was determined as previously described. For the mature biofilm disassembly determination, the mature biofilm was allowed to form for 24 h and washed, and D-amino acids (different concentrations) were added. The bacteria were incubated for 6 h and biofilm was measured.
Detection of inhibition and biofilm formation by confocal scanning laser microscopy. In order to detect biofilm formation and the effect of D-methionine on the surface of contact lenses, we used silicone-hydrogel contact lenses containing 42 % (v/v) Filcon 1B and 58 % (v/v) water (Acuvue; Johnson & Johnson Vision Care). The lenses were washed twice with cold sterile PBS and placed in a 24-well plate, one contact lens per well. Later, 2 ml of TSB or TSB containing 50 mM D-methionine was added to each well, followed by the addition of 100 ml of 1 : 200 diluted overnight bacterial culture. The plate was incubated at 37 uC for 24 h. After that, the contact lenses were washed vigorously with 1X PBS and stained with Calcein AM (Invitrogen) for 15 min. The biofilm was observed using a Zeiss Axiovert 200M with an argon laser for excitation at 488 nm (green fluorescence). Images were captured and processed by using LSM 5 Pascal software.
RESULTS

Kinetics of biofilm formation by S. epidermidis
In order to determine the time that it takes a mature biofilm to form and the time it takes for its disruption, we analysed the biofilm formation kinetics over a period of 54 h. We analysed three biofilm-forming S. epidermidis strains isolated from HS, HC and OI. As shown in Fig.  1(a) , all three strains have a similar biofilm formation and biofilm disruption time. Specifically, biofilm formation began after 12 h of incubation and reached a maximum after 24 h, and mature biofilm disruption occurred after 30 h. The OI strain formed a thicker biofilm, as evident by its ability to retain more dye than the other two. This result shows that after a long incubation S. epidermidis biofilms dissolve and suggests that a compound produced by the bacteria is responsible for this phenotype.
To test our hypothesis, we repeated the experiment using the OI-derived strain and removed the media after 24 h from each well, the wells were washed with 1X PBS and (a) Biofilm formation was followed for 54 h in three different S. epidermidis strains as described in the Methods section. HS, healthy skin (solid squares); HC, healthy conjunctiva (solid circles); OI, ocular infection (solid triangles). (b) Effect of applying washes every 6 h during biofilm formation in the OI strain. Washes were done with sterile PBS and fresh TSB was added and incubated for another 6 h; this same procedure was done until completion of 54 h and biofilm formation recorded for every time point. (c) The effect of aged free-bacteria supernatant (48 h) in S. epidermidis biofilm formation was conducted in a strain isolated from HS (d) and in a strain isolated from OI. In both cases, biofilm was measured after incubating with fresh TSB (C, control), a 1 : 2 mixture of fresh TSB and aged supernatant (50/50 %) and non-diluted aged supernatant [100 % old medium (OM)]. Assays were performed six times and analysed using a one-way ANOVA with a Tukey test. Asterisks indicate statistical significance compared with non-treated cells.
fresh was added media every 6 h. We observed that by replacing media with fresh media, the mature biofilm disruption was delayed for up to 42 h when compared to a control in which the media were not replaced (Fig. 1b) . We also conducted a similar experiment that involved diluting the fresh media to 50 % with a 48 h cell-free supernatant obtained in a parallel experiment. As shown in Fig. 1(c, d) , the presence of aged media (48 h cell-free supernatant), either diluted or undiluted, disrupted the biofilm in two of the strains. These results suggest a component present in the aged media is able to induce biofilm disruption in S. epidermidis.
D-Amino acids are present in bacterial biofilm supernatants
Given the results described above and recent evidence supporting the disruptive effect of D-amino acids in biofilms, we aimed to determine the presence of some of these compounds by analytical HPLC chromatography in 48 h cell-free supernatant originated from S. epidermidis strains. We observed the presence of D-Tyr, D-Leu, D-Trp and D-Ala in the analysed sample (data not shown). These results demonstrate that S. epidermidis produces D-amino acids after a long growth period. Therefore, it may be suggested that these compounds have a role in the inhibition and disruption of S. epidermidis biofilms.
Effect of D-amino acids in S. epidermidis biofilm formation
To evaluate the inhibitory role of D-amino acids in biofilm formation, we tested multiple S. epidermidis strains isolated from HS, HC (hereafter referred to as commensals) and OI (pathogenic strains). As shown in Fig. 2(a-f) as controls, the corresponding L-amino acid enantiomers did not inhibit biofilm formation (data not shown).
When three D-amino acids (D-Pro, D-Met and D-Phe) were used in combination, a synergistic effect for biofilm formation inhibition was observed in sensitive strains (Fig.  3a) . However, no effect was detected in the strain resistant to all six (Fig. 3b) . As a control, a growth curve using three D-amino acids (D-Met, D-Phe and D-Pro) was obtained and no defect was observed (data not shown). These results suggest that D-amino acids have a differential effect in biofilm formation and that this effect is limited to growth in biofilm conditions but not to growth in aerated conditions.
Mature biofilm disruption with D-amino acids
Given the previous results, we wanted to determine whether the D-amino acids were able to disassemble the biofilm. We observed that D-Met, D-Phe or D-Pro dismantled the biofilm in some strains (10/31; Fig. 4a ), however D-Ala, D-Tyr and D-Leu did not have the same effect (Fig. 4b) . These results suggest that some D-amino acids affect structures already in place in a mature biofilm.
D-Met inhibits S. epidermidis biofilm formation on contact a lens-surface
In order to test the inhibitory effect of D-amino acids on biofilm formation in S. epidermidis, we used an OI strain and tested its ability to form biofilm on the surface of a silicone-hydrogel contact lens after the addition or not of DMet. Results showed that D-Met inhibited biofilm formation on the lens after 24 h while biofilm was formed on non-treated lens (data not shown).
DISCUSSION
Several bacterial species, including S. aureus, produce Damino acids in the stationary phase of growth (Lam et al., 2009) . These amino acids are incorporated in the peptidoglycan peptide bond causing alterations in the structure thereby inhibiting protein binding to the cell wall and thus affecting its function and the cellular growth (Lam et al., 2009; Cava et al., 2011) DPercentage was calculated from the total number of strains from the indicated source (HS, n53; HC, n59; OI, n519). dBiofilm formation inhibition (+; P,0.05 compared to control) or not inhibition (2; P.0.05 compared to control) was conducted as described in Methods. , we were able to determine that D-Met is an effective biofilm inhibitor for most of the tested strains. We observed differences in the sensitivity to D-amino acids depending on the S. epidermidis strains and, in some cases, only when a combination of them was used. It is possible that those strains that are resistant to the D-amino acids tested are still susceptible to other D-amino acids not tested in this work. Our results show that there is a wide variety of responses to the presence of D-amino acids in biofilm formation in S. epidermidis clinical and commensal strains. This demonstrates the importance of this work as in previous studies only prototype strains were used.
When tested, D-amino acids did not alter the S. epidermidis growth curve; therefore the effect of the amino acids seems to be specific for biofilm formation. It has been proposed that in B. subtilis NCBI3610 biofilms D-amino acids affect the union of the TasA protein to the cell wall (Branda et al., 2006; Romero et al., 2010) . TasA is polymerized to form amyloid-like fibres, which are considered to be the fundamental structural units in Bacillus biofilms that bind to the bacterial cell wall. Recently it was described that the protein TapA (TasA anchoring/assembly protein) is involved in linking the TasA fibres to the cell wall (Romero et al., 2011) . When treated with D-amino acids, TapA is separated from the cell wall in a similar fashion to the amyloid TasA fibres (Kolodkin-Gal et al., 2010; Romero et al., 2011) . Staphylococcus biofilm is not formed by amyloid fibres and there are no TasA or TapA orthologues in its genome. However, S. aureus biofilm has supra-cellular structures and several proteins surrounding the cell wall. Treatment of biofilms with D-amino acids causes them to disorganize (Hochbaum et al., 2011) . It is not known which biofilm proteins are affected by the addition of D-amino acids, and it has only been suggested that a similar effect to that observed in B. subtilis occurs. S. epidermidis biofilms have been shown to contain polysaccharides and proteins such as Aap (Rohde et al., 2005) and Embp (Christner et al., 2010) . Aap has an LPXTG motif, which anchors it to the peptidoglycan in the cell wall (Rohde et al., 2005) . In addition, the Aap protein is processed for polymerization and forms fibres. It is possible that D-amino acids act on the Aap protein in a similar manner to that observed in B. subtilis for the TasA protein, i.e. affecting its polymerization ability hence causing biofilm disruption. Future experiments will be directed to test this hypothesis.
D-Ala has been shown to have no effect on biofilm formation in B. subtilis NCBI3610 (Kolodkin-Gal et al., 2010) or S. aureus SC01 (Hochbaum et al., 2011) . In fact, D-Ala has a degree of antagonism with other biofilm inhibitor D-amino acids in these bacteria. In contrast, this study demonstrated that D-Ala inhibited biofilm formation in some S. epidermidis strains. Therefore, it is possible that D-Ala is exerting its inhibitory effect on biofilm formation in those strains by a different mechanism than those already studied. D-Ala can be incorporated to the lipoteichoic acids (LTA) in S. epidermidis (Sadovskaya et al., 2005) . It is considered that its incorporation regulates the negativecharge of LTA on the bacterial surface. In S. aureus LTA, the absence of esterified D-Ala yields a deficiency in biofilm (Gross et al., 2001) . These two facts suggest that the role of D-Ala is different in both species. However, it is still difficult to predict the effect of D-Ala in S. epidermidis biofilms.
As previously mentioned, studies have shown a disruptive effect of D-amino acids in B. subtilis NCBI3610 biofilms (Kolodkin-Gal et al., 2010) . In this study, the same effect was observed in S. epidermidis biofilms in some strains, and D-amino acids are able to disturb the molecular interactions occurring in the mature biofilm. Our results also suggest that in order to inhibit biofilm formation, D-amino acids must be incorporated in the initial synthesis stages. Additionally, they also suggest variability in biofilm disruption resistance to D-amino acid or that the biofilm composition in each strain could be different. We propose D-amino acids could possibly be used to cover tubing and other medical devices to prevent S. epidermidis biofilm formation and the establishment of biofilm-associated infections.
To support this idea we tested the use of D-Met for inhibiting S. epidermidis biofilm formation on contact lenses. Our results suggest that the use of this amino acid could be helpful for preventing firstly biofilm establishment and secondly it might hamper infectious processes in the eye. Whether the D-amino acids can eliminate already formed biofilms will need further tests.
In summary, in this work we have demonstrated the ability of D-amino acids to inhibit biofilm formation in S. epidermidis. Our results support the proposal, made by Kolodkin-Gal et al. (2010), regarding the universal effects of these compounds. However, it is important to remark that in our work, the use of strains from diverse sources shows the existence of differences in sensitivity and resistance to D-amino acids. We also demonstrated, for the first time, the difference in sensitivity for these compounds in clinical and commensal S. epidermidis isolates. This suggests that the composition of biofilms varies amongst different strains. Finally, we propose that a mixture of Damino acids could be used in the development of medical devices to potentially avoid the formation of biofilms by these bacteria.
